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While the mammalian retina is well understood at the anatomical and physiological levels, little is known about the
mechanisms that give rise to the retina’s highly ordered pattern or its diverse neuronal cell types. Previous investigations
have shown that gene disruption of the POU-IV class transcription factor Brn-3b (Brn-3.2) resulted in the loss of most retinal
ganglion cells in retinas of postnatal mice. Here, we used lacZ and human placental alkaline phosphatase genes knocked
into the brn-3b locus to follow the fate of brn-3b-mutant cells in the developing retina. We found that Brn-3b was not
required for the initial commitment of retinal ganglion cell fate or for the migration of ganglion cells to the ganglion cell
layer. However, Brn-3b was essential for the normal differentiation of retinal ganglion cells; without it, the cells underwent
enhanced apoptosis. Retinal ganglion cells lacking brn-3b extended processes at the appropriate time in development, but
these processes were disorganized, resulting in a thinner optic nerve. Explanted retinas from brn-3b-null embryos also
extended processes when cultured in vitro, but the processes were shorter and less bundled than in wild-type retinas.
Ultrastructural and marker analyses showed that the processes of mutant ganglion cells had dendritic rather than axonal
features, suggesting that mutant cells formed dendrites in place of axons. These results suggest that Brn-3b regulates the
activity of genes whose products play essential roles in the formation of retinal ganglion cell axons. © 1999 Academic PressKey Words: brn-3 genes; POU domain factors; retinal ganglion cells; retina development.INTRODUCTION
The POU-IV class proteins, Brn-3a (Brn-3.0), Brn-3b (Brn-
3.2), and Brn-3c (Brn-3.1), comprise an important subgroup
of POU domain transcription factors that have critical
functions in mammalian sensory neuron development (for a
recent review, see Xiang et al., 1998). The genes encoding
the Brn-3 proteins are expressed in distinct but overlapping
patterns in the dorsal root and trigeminal ganglia, auditory
and vestibular neurons, retinal ganglion cells, and selected
regions of the brain associated with sensory and motor
control (Xiang et al., 1993, 1995, 1997; Gerrero et al., 1993;
Ninkina et al., 1993; Turner et al., 1994; Fedtsova and
Turner, 1995; Xiang, 1998). These expression patterns,
together with previous knowledge that other POU domain
factors play essential roles in specifying cell fates (Wegner
et al., 1993), have led to the suggestion that the Brn-3
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All rights of reproduction in any form reserved.factors function in the cell fate specification of sensory
neurons (Xiang et al., 1993; Turner et al., 1994).
Knockout mice carrying targeted mutations in the brn-3
genes display phenotypes consistent with a role for Brn-3
factors in sensory neuron development (Xiang et al., 1998).
Mice with null mutations in brn-3a die soon after birth,
suffering from selective loss of neurons in the brain stem and
trigeminal ganglion, resulting in uncoordinated limb move-
ment and impaired suckling (McEvilly et al., 1996; Xiang et
al., 1996). In contrast, brn-3b mice are viable and fertile but
have defective retinas and are missing about 70% of their
retinal ganglion cells (Gan et al., 1996; Erkman et al., 1996).
brn-3c-null mice also survive and breed, but a complete
absence of auditory and vestibular hair cells leads to secondary
loss of spiral and vestibular ganglion neurons, deafness, and
impaired balance (Erkman et al., 1996; Xiang et al., 1997). A
human mutation in brn-3c was recently identified in an Israeli
family and shown to act as a dominant negative, resulting in
progressive deafness in individuals who inherit the mutated
































470 Gan et al.The phenotypes of the brn-3a-, brn-3b-, and brn-3c-
mutant mice indicate that individual brn-3 genes have
evolved to control development in the somatosensory,
visual, and auditory/vestibular systems and that despite the
large differences in the anatomical and physiological fea-
tures of these three systems, Brn-3 proteins are likely to be
part of a conserved regulatory process shared by all three.
What remains unclear is the precise role the Brn-3 factors
play in these sensory systems and how much specialization
has occurred with each individual factor.
We have focused our attention on Brn-3b and its role in
retinal ganglion cell development. Because brn-3b is ex-
pressed relatively early in embryogenesis, when progenitor
cells in the developing retina first become postmitotic (Gan
et al., 1996; Xiang, 1998), it seemed likely that the loss of
retinal ganglion cells in brn-3b-null mice would be due to a
block in early events such as cell fate specification or cell
migration. However, it is also possible that brn-3b is
required for the maintenance or survival of ganglion cells
rather than for their initial specification. If so, we might
expect that the postmitotic progenitor cells would differen-
tiate but would subsequently degenerate.
Following the fate of brn-3b-null cells in the developing
retina requires a means of genetically marking brn-3b-
expressing cells. It is not possible to unambiguously iden-
tify unmarked retinal ganglion cells when they commit and
differentiate because the differentiated cells of the retina do
not arise from distinct cell lineages (Cepko et al., 1996). All
retinal cell types derive from a limited population of ac-
tively dividing neuroblasts that commit to their fates in a
temporal sequence independent of cell lineage (Turner and
Cepko, 1987; Turner et al., 1990; Cepko et al., 1996).
Retinal ganglion cells are the first to commit and migrate
from the proliferative zone to the innermost layer of the
retina, but significant mixing occurs continuously with
other cell types (Altshuler et al., 1991; Alexiades and
epko, 1997). In addition, not all ganglion cells express
rn-3b (Xiang et al., 1993), so following the entire popula-
ion of differentiating ganglion cells would not necessarily
rovide definitive information on the fate of brn-3b-
xpressing cells.
To avoid these problems, we made use of knock-in
ethodology to specifically identify cells that express the
rn-3b gene in heterozygous and homozygous mutant back-
rounds. Inserting a lacZ gene encoding a nuclear-targeted
b-galactosidase into the brn-3b locus enabled us to follow
the fate of brn-3b-expressing cells in heterozygous and
homozygous mutant embryos from the time brn-3b is first
xpressed. A similar insertion of a human placental alka-
ine phosphatase (AP) gene encoding an integral membrane
rotein allowed us to trace axons emanating from the cell
odies of brn-3b-expressing cells. Analysis of retinas from
eveloping embryos and postnatal mice showed that Brn-3b
as not required for the initial commitment and subse-
uent migration of retinal ganglion cells but that Brn-3b
as essential for their normal differentiation and survival.
rocesses projecting from brn-3b-null cells were disorga-
Copyright © 1999 by Academic Press. All rightized, possibly as a result of abnormal axon formation.
hile process outgrowth occurred in cultured retinal ex-
lants, the processes had features in common with den-
rites rather than axons. Our results thus suggest that
rn-3b controls the activity of a set of genes whose products
re required for retinal ganglion cell axon formation.
MATERIALS AND METHODS
Generation of mutant mice bearing brn-3blacZ2ki and brn-3bap2ki
alleles. Mouse brn-3b genomic sequences were isolated and
mapped as described (Gan et al., 1996). To generate the brn-3b/
lacZ-ki and brn-3b/AP-ki targeting constructs, the BssHII site, 14
bp upstream of the brn-3b translational initiation codon in the
1.9-kb 59 BamHI–BssHII fragment, was converted into a HindIII
site, and both HindIII sites in the 4.5-kb 39 HindIII fragment were
changed into EcoRI sites (Fig. 1A). The resulting BamHI–HindIII
and EcoRI fragments were inserted in the correct orientation into
the pKO-lacZ and the pKO-AP vectors (L. Gan, unpublished
results) to create brn-3b/lacZ-ki and brn-3b/AP-ki targeting vec-
tors, respectively (Fig. 1A). For electroporation into ES cells, the
targeting vectors were linearized at the NotI site. Targeted ES cells
and mutant mice were generated as previously described (Gan et
al., 1996), and targeted events were identified by Southern blot
analysis using an external 39 probe (a 0.7-kb SmaI–BamHI frag-
ment) as described (Gan et al., 1996). For PCR genotyping, the
oligonucleotides 3b-39 (59-GGGTTGGAAGACAAGCTCTCCG-
39), lacZ-ki (59-ATGCGCTCAGGTCAAATTCAGACG-39), and
AP-ki (59-CGCCCAGGAAGATGATGAGGTT-39) were used in
combination with the oligonucleotide 3b-59 (59-CGGAGCAGG-
GCACCTCTCG-39) to amplify the 490-bp brn-3b, 810-bp brn-3b/
lacZ-ki, and 420-bp brn-3b/AP-ki DNA fragments, respectively.
The PCR amplification was performed in 40 cycles by denaturation
at 94°C for 30 s, annealing at 64°C for 30 s, and elongation at 72°C
for 50 s.
b-Galactosidase and alkaline phosphatase staining. Embryos
and retinas were isolated at the desired stages in PBS. The isolated
samples were fixed in 4% paraformaldehyde in PBS, rinsed in PBS
after fixation, and stained at 30°C overnight in 1 mg/ml X-Gal, 4
mM K4Fe(CN)6, 4 mM K3Fe(CN)6, and 2 mM MgCl2 in PBS.
lkaline phosphatase staining was performed as described by
ields-Berry et al. (1992). For whole-mount analysis, the stained
mbryos and retinas were washed twice with PBS and photo-
raphed using conventional or differential interference contrast
ptics. Cryostat sectioning was performed by equilibrating the
tained samples in 30% sucrose in PBS, embedding in OCT
edium (Tissue-Tek, Elkhart, IN), and sectioning at 12-mm thick-
ness at 220°C. Sections were then photographed with or without
Nuclear Fast red as counterstain. For standardization, the temporal
regions of retina near the optic discs were compared.
Analysis of apoptosis during development. To determine the
extent of apoptosis, embryos at e13.5 to e18.5 were isolated and
fixed in 10% neutral buffered formalin, embedded in paraffin, and
sectioned at 8-mm thickness. Apoptotic cells were detected by
TUNEL assays (ApopTag Plus In Situ Apoptosis Detection Kit;
Oncor, Gaithersburg, MD). To compare the extent of apoptosis in
homozygous and heterozygous retinas, sections at or near optic
disc level were used.
Confocal and electron microscopy. For confocal microscopy,
samples were fixed with 4% paraformaldehyde for 30 min, washed
three times with 0.1 M PBS, and labeled with CM-DiI (Molecular




































471Brn-3b in Retina DevelopmentProbes, Eugene, OR). Samples were examined using a Zeiss 410
confocal microscope equipped with argon–krypton laser. Images
were projected from 6 to 10 optical sections with intervals ranging
from 0.2 to 0.5 mm. Projected images were pseudo-colored to mimic
the images as seen in an epifluorescence microscope. For transmis-
sion electron microscopy, retinal tissue was cultured for 5 days,
fixed with 2.5% glutaraldehyde and 3.2% paraformaldehyde in 0.1
M cacodylate buffer for 4 h at room temperature, and postfixed
with 1% OsO4. Fixed samples were embedded in Spurr and sec-
tioned with an LKB NOVA Ultratome. Thin sections were stained
with uranyl acetate and lead citrate. Samples were examined using
a JOEL 1200EX microscope.
Immunohistochemistry. To characterize axonal and dendritic
properties of retinal explants, retinal tissues from e13.5 embryos
were cultured for 4 days and fixed with 4% paraformaldehyde for 10
min at room temperature. Fixed samples were washed three times
with phosphate-buffered saline containing 1% Triton X-100
(PBS-T) and blocked with 2% bovine serum albumin for 1 h.
Samples were then incubated with anti-mouse tau-1 (Boehringer
Mannheim, Philadelphia, PA) or anti-mouse MAP2 antibodies
(Accurate Chemical and Science Corp., New York, NY) for 2 h,
washed three times with PBS-T, and incubated with fluorescein-
conjugated anti-mouse IgG (Jackson ImmunoResearch Laborato-
ries, Inc., West Grove, PA). Labeled samples were washed three
times with PBS-T and prepared for confocal microscopy. Tissues
incubated with only fluorescein-conjugated anti-mouse IgG were
used as controls.
RESULTS
Creation of Mice Bearing brn-3blacZ2ki and
brn-3bAP2ki Alleles
Knock-in procedures provide a convenient way of ex-
pressing reporter genes under the control of the endogenous
gene’s promoter while at the same time disrupting the
activity of the endogenous gene (for a recent example, see
Collignon et al., 1996). In separate experiments, we inserted
two reporter genes, lacZ and human placental AP, into the
brn-3b locus using homologous recombination in ES cells
(Fig. 1A). Mice transmitting the brn-3blacZ2ki or brn-3bAP2ki
allele through their germ line as assessed by Southern
analysis and PCR genotyping (Fig. 1B) were interbred to
produce the mutant genotypes brn-3blacZ2ki/brn-3blacZ2ki,
rn-3blacZ2ki/brn-3bAP2ki, and brn-3AP2ki/brn-3bAP2ki. All
hese lines had retina phenotypes indistinguishable from
hat of the original brn-3b (2/2) mice (Gan et al., 1996;
iang, 1998). For simplicity, we will refer to the knock-in
lleles as lacZ-ki and AP-ki and to the wild-type and
riginal null brn-3b alleles as 1 and 2, respectively.
To determine whether the expression pattern of lacZ-ki
reflected that of endogenous brn-3b, we isolated lacZ-ki/1
embryos at e13.5 and stained whole-mount specimens in
situ for b-galactosidase activity. The developing spinal cord,
mid- and hindbrain, inner ear, and eye were strongly stained
(Fig. 1C). These are the sites where brn-3b is expressed
during this time in embryogenesis (Xiang et al., 1993, 1997;
Turner et al., 1994; Gan et al., 1996; Xiang, 1998). Unex-
ectedly, we also found that the midgut had strong staining
g
a
Copyright © 1999 by Academic Press. All rightor b-galactosidase activity (Fig. 1C). Inspection of histolog-
cal sections suggested that the lacZ reporter gene was
xpressed in myenteric ganglia (not shown), although
rn-3b expression in these ganglia had not been previously
eported. From the b-galactosidase staining pattern, we
would predict that the endogenous brn-3b gene would also
be expressed in myenteric neurons, although the biological
significance of the midgut expression still must be estab-
lished. The overall lacZ-ki expression pattern closely re-
embled the endogenous brn-3b pattern and suggested that
he lacZ knock-in allele was suitable for following the fate
of brn-3b-expressing cells.
Following the Fate of brn-3b-Null Ganglion Cells
In mice, most retinal ganglion cells are formed between
e11.5 and e16.5 (Young, 1985). Expression of brn-3b begins
at e11.5, about the time the first neuroblasts are leaving the
cell cycle and committing to a ganglion cell fate (Turner et
al., 1994; Gan et al., 1996; Xiang, 1998). We compared
brn-3b-expressing cells in the retinas of heterozygous and
homozygous mutant embryos bearing the lacZ-ki allele at
e11.5 and e13. Sections of the developing eye from lacZ-
ki/1 embryos at e11.5 showed b-galactosidase staining in a
small number of cells in the region of the retina where
postmitotic ganglion cells were beginning their migration
from the proliferative zone toward the ganglion cell layer
(Fig. 2A). By e13, many more cells were expressing lacZ in
this region, and the stained cells seemed to be proceeding
toward the ganglion cell layer (Fig. 2B). Corresponding
sections from lacZ-ki/AP-ki embryos at e11.5 and e13 had
identical b-galactosidase staining patterns (Figs. 2C and
D), indicating that at these early stages, lacZ-ki/1 (wild
ype) and lacZ-ki/AP-ki (mutant) ganglion cells were mor-
hologically indistinguishable. Inspection of multiple sec-
ions showed the same numbers and intensities of lacZ-
i/1 and lacZ-ki/AP-ki ganglion cells expressing lacZ
compare Fig. 2A with 2C and Fig. 2B with 2D). Moreover,
acZ-ki/AP-ki cells migrated into and accumulated in the
anglion layer in a manner identical to that found in the
acZ-ki/1 controls. These results demonstrated that two
nitial events of ganglion cell formation, namely, cell fate
pecification and migration to the inner layer of the retina,
ere unaltered by the absence of Brn-3b.
In contrast, when sections of eyes were analyzed from P0
eonates, differences between lacZ-ki/1 and lacZ-ki/
acZ-ki were readily apparent (compare Figs. 3A and 3C
ith Figs. 3B and 3D). The retinas of mutant animals were
hinner, and although lacZ-expressing ganglion cells in
utants were concentrated in the ganglion layer, they were
ar fewer (Figs. 3C and 3D). Thus, the deficiencies in
rn-3b-null cells were associated with later differentiation
vents, perhaps with the maintenance and survival of
etinal ganglion cells.
In a previous study, we showed that about 70% of retinal
anglion cells were absent in brn-3b-mutant retinas from
dult mice (Gan et al., 1996). In our current study, sectioned
s of reproduction in any form reserved.
lE
b-Galactosidase expression in an e13.5 lacZ-ki/1 embryo. X-Gal staining showed the expression in the eye, developing central nervous
system, and midgut.
472 Gan et al.FIG. 2. lacZ expression in cryosectioned retinas of heterozygous (lacZ-ki/1) and homozygous (lacZ-ki/AP-ki) mutant embryos. (A)
acZ-ki/1 retina at e11.5. (B) lacZ-ki/1 retina at e13. (C) lacZ-ki/AP-ki retina at e11.5. (D) lacZ-ki/AP-ki retina at e13. No difference in the
temporal and spatial expression patterns was detected in heterozygous and homozygous retinas.
FIG. 3. Reduced number of retinal ganglion cells and other retinal neurons in brn-3b-mutant neonates. Cryosections were stained withFIG. 1. Generation and expression of lacZ-ki and AP-ki alleles. (A) brn-3b genomic structure and targeting strategy. The reporter
b-galactosidase (lacZ) and human placental alkaline phosphatase (AP) genes were used to replace brn-3b coding sequences. Restriction
enzyme sites are abbreviated as follows: H, HindIII; B, BamHI; V, EcoRV, R, EcoRI; and N, NotI. (B) Genotyping of embryos by Southern
blot analysis and PCR. An external 39 probe was used to identify 10.3-kb wild-type and 8.0-kb mutant DNA fragments from a BamHI and
coRV digestion. PCR amplification was used to detect the 490-bp wild-type, 420-bp AP-ki, and 810-bp lacZ-ki products. (C)X-Gal and counterstained with Nuclear Fast red. (A and B) lacZ-ki/1 and lacZ-ki/AP-ki retina at low magnification. (C and D) Boxed regions
from images in A and B at higher magnification.








































474 Gan et al.retinas from lacZ-ki/lacZ-ki neonates had a similar loss of
ganglion cells compared with retinas from lacZ-ki/1 litter-
ates (Figs. 3C and 3D). Together, these results suggest
hat 70% of the ganglion cells in the mutants were gradu-
lly disappearing from the population before birth. Analysis
f whole-mount retinal preparations from postnatal mice
ontaining the lacZ-ki allele supported this view. Retinas
rom lacZ-ki/1 P0 neonates showed intensely stained gan-
lion cells throughout the ganglion cell layer (Figs. 4A and
B), and while lacZ-ki/AP-ki retinas also had lacZ-
xpressing cells, these retinas had only about one-fifth as
any lacZ-expressing cells as did the lacZ-ki/1 retinas
Figs. 4C and 4D). When we compared wild-type and mu-
ant retinas from 6-week-old mice, we found that residual
acZ-expressing cells representing about 20% of the wild-
ype number were always present in the mutants (Figs.
E–4H). This suggested that a significant fraction of brn-
b-null ganglion cells could survive without the presence of
rn-3b.
A simple explanation for the progressive loss of the
rn-3b-mutant cells during prenatal development was that
n the absence of Brn-3b, abnormal differentiation led to
nhanced apoptosis. To test this idea, we determined the
umber of apoptotic cells in wild-type and mutant retinas
t different embryonic stages. No significant differences
ere observed at e13.5 or e14.5, but by e15.5 and e16.5,
oticeably more apoptotic cells were present in mutant
etinas than in those of wild-type littermates (Fig. 5). The
ifferences between wild-type and mutant retinas were
ven greater in e17.5 and e18.5 embryos, with about three
FIG. 4. lacZ expression in whole-mount retinas of heterozygous
lacZ-ki/1 and lacZ-ki/AP-ki retinas at P0. (E and G) lacZ-ki/1 and
boxed regions in A, C, E, and G, respectively. OD, optic disc.o four times more apoptotic cells in the mutants (Fig. 5).
his analysis implied that the gradual loss of ganglion cells
b
r
Copyright © 1999 by Academic Press. All rightn mutant embryos was due to a greater frequency of
poptosis.
Axon Abnormalities in brn-3b-Null Retina
The lacZ-ki allele provided valuable information about
the fate of retinal ganglion cells in brn-3b-null retinas.
Nonetheless, the basis of the deficiency remained uncer-
tain, although there were clearly no overt defects in cell fate
specification or cell migration. It therefore seemed likely
that the mutant cells were defective either in their ability
to complete their normal differentiation program or in their
ability to maintain their differentiated state. Such deficien-
cies might enhance apoptosis to levels above those nor-
mally seen in wild-type ganglion cells. One potential apop-
totic trigger would be defects in axon projection. If ganglion
cell axons failed to project normally, apoptosis would be the
likely consequence.
To monitor the state of the axons emanating from brn-
3b-mutant ganglion cells, we isolated retinas from het-
erozygous and homozygous mutant embryos containing the
AP-ki allele at times in development when mutant and
wild-type ganglion cells were identical in number and
morphology. Retinas from AP-ki/1 embryos on e13 had
umerous ganglion cell axons that stained positively for
lkaline phosphatase (Fig. 6A). These axons were well
rganized into bundles that coalesced to form the optic disc
Fig. 6A). Axons from retinas of AP-ki/1 embryos at e14.5
nd e15.5 resembled those of e13 except that further gan-
lion cell development led to higher axon density and larger
-ki/1) and homozygous (lacZ-ki/AP-ki) postnatal mice. (A and C)
-ki/AP-ki retinas at 6 weeks. (B, D, F, and H) Enlarged views of the(lacZundles (Figs. 6C and 6E). In contrast to AP-ki/1 retinas,
etinal preparations from similarly staged AP-ki/lacZ-ki


























475Brn-3b in Retina Developmentmutant littermates, while also staining positive for alkaline
phosphatase, showed less defined staining, with fewer pro-
cesses organized into bundles (Figs. 6B, 6D, and 6F). The
lack of organized processes was particularly noticeable at
e14.5 and e15.5, when only a few distinct axon bundles
could be discerned compared with controls (compare Fig.
6C with 6D and Fig. 6E with 6F).
The lack of well-defined axon bundling caused thinner
optic nerves (Fig. 6G). A thinner optic nerve was reported
earlier for brn-3b-mutant adult mice (Gan et al., 1996;
iang, 1998). A thinner optic nerve was expected in mutant
dults since 70% of the retinal ganglion cells are missing.
owever, at e13 through e15.5, the AP-ki/1 and AP-ki/lacZ
retinas seemed to have similar numbers of ganglion cells.
This suggested that at these initial stages of retinal ganglion
cell formation, the thinner optic nerve was the result of
misguided processes projecting from the majority of the
FIG. 5. Apoptosis in developing retinas of wild-type and brn-3b-
mutant embryos. A significant increase in apoptosis was detected
in mutant retinas from e15.5 to e18.5. Each data point represents
the average number of apoptotic cells in more than 10 retinal
sections.ganglion cell bodies but failing to coalesce normally into
axon bundles.
Copyright © 1999 by Academic Press. All rightAxon Formation in Cultured Explants of
Wild-Type and brn-3b-Null Retinas
To determine whether differences between wild-type and
mutant retinas could be observed in vitro, we isolated
etinas from e13.5 embryos and cultured them under con-
itions that promote axon formation. Explanted retina from
13.5 lacZ-ki/1 embryos cultured for 4 days showed exten-
ive axon growth and fasciculation, extending several reti-
al diameters (Fig. 7A). Explants from e13.5 lacZ-ki/lacZ-ki
mbryos were also able to extend processes, but these
rocesses were significantly shorter and less bundled than
heir wild-type counterparts (Fig. 7B). These differences
ould be more easily observed when the explanted retinas
ere labeled with the fluorescent dye DiI. From these
mages, it was clear that processes from mutant retinas
ere appreciably less bundled and more disorganized than
ild-type retinal explants (compare Figs. 7C and 7E with
igs. 7D and 7F). These results were reminiscent of the
efects observed in vivo and could be most readily ex-
lained by an inability of brn-3b-null ganglion cells to form
ormal axons.
To further explore the nature of the mutant processes, we
nalyzed thin sections of cultured retinal explants by elec-
ron microscopy. Processes from mutant and wild-type
etinal tissues exhibited distinct morphological differences
Fig. 8). Wild-type processes were larger in diameter than
utant processes, often greater than 1 mm, and were tightly
associated with one another forming irregular shapes (Figs.
8A and 8B). In contrast, processes from brn-3b-null retinas
never exceeded 1 mm in diameter, were only loosely asso-
ciated, and formed rounded surfaces (Figs. 8C and 8D).
These results supported the view that the mutant processes
were unable to fasciculate. Closer inspection showed that
the wild-type processes contained numerous stained cy-
toskeletal structures that resembled lattices of neurofila-
ments (arrowheads in Fig. 8B). In striking contrast, the
mutant processes contained distinctly different cytoskel-
etal structures, which were evenly distributed and were
almost certainly individual microtubules (arrows in Fig.
8D). The uniform distribution of microtubules is a well-
described cytoskeletal feature of dendrites, whereas the
neurofilament lattices seen in the wild-type processes are a
notable cytoskeletal feature of axons (Meller, 1992; Hiro-
kawa, 1994). Very similar results were obtained when
retinas from wild-type and mutant e15.5 embryos were
subjected to electron microscopic analysis (S. Wang, unpub-
lished results). It thus appears that in the absence of Brn-3b,
retinal ganglion cells form dendrites at the expense of
axons.
The dendritic structure of the mutant processes was
further characterized by immunolabeling with cytoskeletal
markers known to distinguish dendrites from axons. Anti-
bodies against tau-1, an axon-specific marker (Binder et al.,
1985; Dotti et al., 1987), showed intense labeling of pro-
cesses from wild-type retinal explants (Fig. 9A) but very
weak labeling of mutant processes (Fig. 9B). In contrast,
s of reproduction in any form reserved.
n476 Gan et al.FIG. 6. Aberrant retinal ganglion axon development in embryonic retinas bearing a brn-3b mutation. Expression of AP in retinas and optic
erves of AP-ki/1 (A, C, and E) and AP-ki/lacZ-ki (B, D, and F) embryos at e13 (A and B), e14.5 (C and D), and e15.5 (E, F, and G).
FIG. 7. Cultures of retinal explants exhibit distinct axon growth patterns for wild-type (A, C, and E) and brn-3b-null (lacZ-ki/lacZ-ki)
retina (B, D, and F). (A) Wild-type retinal tissue after 4 days of culture. Axons appear to be highly organized and well fasciculated. All the
axons extend out of the field of view. (B) lacZ-ki/lacZ-ki retinal tissue from a littermate of the above wild-type after 4 days of culture. Axons
appear to be disorganized and only a few axons are fasciculated. Most axons remain within the field of view. (C–F) Confocal micrographs
of axons from wild-type and lacZ-ki/lacZ-ki retinal tissues after 4 days of culture. (C) Axons from wild-type retinal tissue are well

























477Brn-3b in Retina Developmentantibodies against MAP2, a dendrite-specific marker (Gar-
ner et al., 1988), labeled processes and cell bodies in the
base tissue of mutant retinal explants but did not label
corresponding regions from wild-type tissue significantly
above background (Figs. 9C and 9D).
DISCUSSION
Although brn-3b is expressed at the time when retinal
anglion cells become postmitotic and begin their migra-
ion from the proliferative zone to the ganglion cell layer,
he results presented here argue strongly against Brn-3b
eing an essential factor for these early events. Rather, our
ata implicate Brn-3b as a required factor for later aspects of
anglion cell formation. As a POU-IV class transcription
actor, Brn-3b must be involved in controlling genes whose
fasciculated and extend unidirectionally. (D) Axons from lacZ-ki/
they appear to be wandering and do not fasciculate. (E) Axon tips fro
FIG. 8. Electron micrographs of processes projecting from retinal
explants. (A and B) A cross section of processes from cultured
wild-type retinal tissue. The processes had diameters often exceed-
ing 1 mm and were tightly associated. Lattices of structures likely
to be neurofilaments (arrowheads) were found throughout the
cytoplasm. B is an enlargement of the inset area in A. (C and D) A
cross section of processes from cultured brn-3b-null (lacZ-ki/lacZ-
ki) retinal tissue. The diameter of the processes never exceeded 1
mm and were loosely associated. Neurofilament lattices were rarely
observed. Instead, isolated microtubules (arrows) were evenly dis-
tributed in the cytoplasm, typical of a dendritic cytoskeleton. D is
an enlargement of the inset area in C.tips from lacZ-ki/lacZ-ki retinal tissue. These axons appear to be scatter
200 mm. Scale bars for (C–F) represent 40 mm.
Copyright © 1999 by Academic Press. All rightroducts are necessary for normal ganglion cell differentia-
ion. In particular, the absence of Brn-3b leads to a general
nability to form normal axons and to a thinner optic nerve,
uggesting that Brn-3b might control a set of genes associ-
ted with axon formation. Typically, developing neurons
nitially project multiple undifferentiated processes, fol-
owed by the outgrowth of a single process as the axon with
he remaining processes taking on dendritic characteristics
Mandell and Banker, 1995). The dendritic features of the
rocesses projecting from brn-3b-mutant ganglion cells
uggest that the cells are blocked in their ability to execute
his program of events. Because proper cell and cyto-
keletal polarity is critical for normal axon and dendrite
utgrowth (Craig and Banker, 1994), it is possible that
rn-3b is required for the expression of genes whose prod-
cts are involved in the establishment of retinal ganglion
ell polarity.
-ki retinal tissue extend multidirectionally forming a meshwork;
ild-type retinal tissue. These axons are tightly connected. (F) Axon
FIG. 9. Immunolabeling with axon- and dendrite-specific mark-
ers. (A and B) Retinal explants labeled with an antibody against the
axon-specific cytoskeletal marker tau-1. Wild-type processes (A)
show strong labeling, whereas mutant processes (B) are only weakly
labeled. (C and D) Retinal explants labeled with an antibody against
the dendrite-specific marker MAP2. There is no detectable signal in
wild-type retinal explants (C) but many processes (arrows) and cell
bodies in the base of the mutant tissue (D) are strongly labeled.lacZ
m wed and not able to form bundles. Scale bars for (A) and (B) represent

















































































478 Gan et al.By analogy, Brn-3a and Brn-3c may be required for con-
trolling similar sets of genes in somatosensory neurons and
auditory/vestibular hair cells, respectively. Brn-3a appears
to play a positive role and Brn-3b an inhibitory role in
neuronal process outgrowth in the differentiation of the
ND7 neuronal cell line (Smith et al., 1997). However, the
relevance of this in vitro system to retinal ganglion cell
development in vivo remains to be established.
An interesting aspect of the brn-3b-null phenotype, as
riginally described, is that about 30% of the retinal gan-
lion cells are still present in adult mice (Gan et al., 1996).
ecause some ganglion cells do not express brn-3b in adult
ice, these residual neurons were best explained as the
nes not expressing brn-3b (Gan et al., 1996). However, the
acZ-ki allele enabled us to trace brn-3b-expressing cells
from their inception, and the results clearly show that a
significant percentage of the residual ganglion cells in
mutant mice are in fact brn-3b-expressing cells. Why are
these cells able to survive when most other brn-3b-
expressing cells undergo apoptosis? Compared with brn-3b,
the closely related genes brn-3a and brn-3c are expressed at
slightly later times but in largely overlapping patterns in
retinal ganglion cells (Xiang et al., 1995; Gan et al., 1996;
Xiang, 1998). It is possible that in the residual ganglion cells
found in the retinas of brn-3b mutants, Brn-3a or Brn-3c can
compensate, albeit inefficiently, for Brn-3b’s function.
A recent investigation by Xiang (1998) also analyzed the
requirement of Brn-3b in retinal ganglion cell formation.
On the basis of comparisons between wild-type and brn-3b-
null embryos, Xiang (1998) concluded that postmitotic
ganglion progenitor cells that would normally express
brn-3b fail to properly differentiate in brn-3b-null embryos.
his conclusion was based on smaller optic nerves, dimin-
shed expression of several ganglion cell markers, and
nhanced apoptosis during late embryonic and early post-
atal stages (e16.5 to P4). Because brn-3b-mutant cells were
ot specifically marked in the study of Xiang (1998), unam-
iguous identification of the brn-3b-expressing cells was
ot possible. Moreover, a smaller optic nerve would not
ecessarily indicate complete failure of ganglion cell differ-
ntiation. Our results suggest that the thinner optic nerve is
ost likely the result of disorganized processes that project
rom the partially differentiated ganglion cell bodies but do
ot coalesce normally. We found no significant differences
n the number of apoptotic cells or in the number of
rn-3b-expressing ganglion cells in brn-3b-mutant embryos
ntil times when most ganglion cells were already formed.
hile we did not monitor the expression of ganglion cell
arkers, it is likely that the absence of Brn-3b causes
olecular abnormalities that are not immediately trans-
ated into morphological defects. Thus, the observed extent
f differentiation of brn-3b-null cells is based partly on the
ethod of analysis. Nevertheless, it is clear from the
xperiments described here that brn-3b-mutant cells are
apable of extensive differentiation before they disappear
rom the ganglion cell population.
The early expression of brn-3b raises the possibility that
Copyright © 1999 by Academic Press. All rightrn-3b plays some role in the initial steps of ganglion cell
ormation. However, if this were the case, other factors
ust be able to compensate for Brn-3b’s loss at these early
tages. The genes involved in committing retinal ganglion
ells to their fate and further subdividing the ganglion cell
ypes are unknown, but several genes have been identified
hat affect more general aspects of retinal development.
embers of the FGF family, possibly secreted from within
he optic vesicle, have been reported to be involved in the
ecision of whether a dividing neuroblast takes on a neural
etinal or pigmented epithelial cell fate (Pittack et al.,
997). The Notch–Delta signaling pathway appears to nega-
ively regulate the number of ganglion cells that arise from
rogenitor neuroblasts and may regulate neuronal cell type
iversity (Austin et al., 1995; Ahmad et al., 1995; Dorsky et
l., 1997). In addition, several genes encoding transcription
actors are expressed in retinal cells, and a few of these are
equired for retinal development, although their precise
oles remain to be elucidated. HES1, a mammalian homolog
f hairy and Enhancer of split, encodes a bHLH factor
xpressed in retinal progenitor cells before differentiation
akes place; HES1 appears to block the differentiation of
everal neural retinal cell types (Tomita et al., 1996). A
onserved vertebrate homeobox gene, Rx, is essential for
ormal retinal development, and overexpression of Rx in
enopus embryos leads to ectopic retinal tissue (Mathers et
l., 1997). Mouse embryos carrying a null mutation in Rx do
ot develop retinas (Mathers et al., 1997). The ocular
etardation (OrJ) mutation in mice was shown to be a
remature stop codon in the homeobox of the Chx10 gene,
nd the loss of this gene leads to reduced proliferation of
etinal progenitor cells (Burmeister et al., 1996). Finally, the
enes encoding the LIM domain factor Isl1 and the unre-
ated transcription factor Olf-1 are both expressed in sub-
ets of retinal ganglion cells, although null mutations in
hese genes in mice do not affect eye development (Pfaff et
l., 1996; Davis and Reed, 1996).
The early expression of brn-3b in a specific subset of
etinal ganglion cells provides the opportunity to identify
enes immediately upstream of brn-3b that control its
xpression. Recently, a Xenopus bHLH gene called Xath5,
hich is related to the atonal gene in Drosophila, was
hown to be expressed in retinal progenitor cells and,
ogether with Xash3 and NeuroD, may regulate successive
tages of neuronal differentiation in the developing retina
Kanekar et al., 1997). A mouse homolog, math5, is ex-
ressed in retinal progenitor cells just prior to brn-3b
Brown et al., 1998). Perhaps downregulation of Notch in
he mouse retina leads to the activation of math5, which in
urn causes the activation of brn-3b and other genes asso-
iated with retinal ganglion cell differentiation.
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